Purpose: The objective of this systematic review was to elaborate the aging effect of cyclic fatigue tests on mechanical durability of all-ceramic single crowns and fixed dental prostheses (FDP).
Investigations on durability of restorations are crucial for clinical dentistry, because mechanical failures in the form of fractures have financial consequences for both the patient and the dentist. Removal and repair of restorations may be arduous and have biological costs. Because durability testing of dental restorations in clinical trials is not possible due to technical and ethical considerations, materials and techniques are often tested in vitro. The testing and evaluation of the material characteristics and durability prior to clinical use is essential to avoid both financial and biological costs.
Load-to-fracture testing is a common way of testing dental materials used for fixed dental prostheses (FDP) to assess their mechanical strength for different indications. Today, a plethora of metal, all-ceramic, or polymeric materials are offered for clinical use. Neither ethically, nor technically is it possible to test their performance in randomized controlled clinical trials. Therefore, preclinical evaluations help to rank physical and mechanical properties of materials. Rankings of prosthetic materials after such tests are generally considered for clinical indications, especially for posterior segments of the mouth where increased chewing forces are experienced. Static load-bearing tests require a controlled environment where the specimen dimensions and the loading conditions are standardized. 21 Although there are norms for static testing of FDP materials (DIN EN ISO 22674), 23 among in vitro tests, a great heterogeneity is noticed in the dental literature related to load-to-fracture tests. 31 Moreover, their clinical relevancy is questioned because the magnitude of loading is not representative of restorations in service and does not incorporate factors related to environmental effects. 31 On the other hand, in vitro studies involving fatigue tests may have more translational meaning as they simulate the in vivo environment. This type of preclinical examination helps to rank the growing possibilities of various materials and techniques for the dental restorations for certain clinical indications that demand different physical and mechanical properties. Fatigue testing requires a controlled and standardized environment prior to investigating the cause of failure due to evaluation of different clinical indication for varying dental materials such as metal-ceramics and all-ceramics, where the latter is more prone to fracture clinically. The objective of this systematic review therefore was to elaborate the aging effect of cyclic fatigue tests on mechanical durability of all-ceramic single crowns and FDP.
Materials and methods

Search strategy
An electronic search at MEDLINE (PubMed) (http://www.ncbi. nlm.nih.gov/pubmed/) from 01/01/1950 to 12/31/2013 was conducted for English articles. The following MeSH terms, search terms, and their combinations were used: "in vitro," "stress mechanical," "crowns," "denture, partial, fixed," "dentistry," "dental implants," "cyclic loading," "fatigue," "allceramic," "zirconia," "fixed dental prosthesis," "FDP," and "bridges." The MEDLINE search yielded 709 journal articles to be screened for possible inclusion based on titles and abstracts. In addition, hand searches were performed on bibliographies of the selected articles as well as identified narrative reviews to find out whether the search process missed any relevant article. This did not add to additional articles to be involved in the review process.
Inclusion/exclusion criteria
Journal articles in English concerning in vitro studies of allceramic restorations reporting on fracture strength before and after cyclic fatigue tests were included. Articles were not included if results were not presented in Newtons (N), specimens were not loaded vertically, studies included implants or posts, or articles with in vitro tests of inlays or overlays. This review focused on bilayered ceramic materials; therefore, monolithic restorations were excluded. Also, cantilever FDPs and extension units were not involved in the review.
Study selection
The search process led to titles of 709 journal articles reviewed by two independent reviewers (MJ, MÖ) for possible inclusion in this systematic review. After title screening, 237 abstracts were selected. From abstract evaluation, 109 were considered relevant, and full-text articles were downloaded. Thereafter, from 109 journal articles, 14 were included in this review. The process of identifying the studies included in the review is presented in Figure 1 .
Data extraction
The data collection form containing 40 items was created and used to evaluate the experimental environment of the in vitro studies described in the 14 relevant articles concerning cyclic fatigue tests. Disagreement regarding data extraction was resolved by discussion, and a consensus was reached. The variables were recorded and tabulated in Excel sheets. The variables that could not be extracted or calculated were scored as "not reported."
Statistical analysis
Statistical analyses were performed using the Statistical Package for the Social Sciences (v18.0; SPSS Inc, Chicago, IL). Abstracts of the full articles were used for the interobserver agreement expressed as weighted Cohen's kappa. For descriptive statistics, means and standard deviations, or medians and interquartile ranges in skewed distributions were noted. At least six experimental groups with identical test parameters were needed to run statistical analysis. Due to the heterogeneity of information or insufficient number of experimental groups, data could not be analyzed even using Stängel-BlattDiagramme.
Results
The Kappa score for agreement between the reviewers after screening the abstracts was 0.85. The selection process resulted in the final sample of 14 journal articles. 5, 11, 16, 18, 24, 33, 34, 36, [55] [56] [57] [58] 66, 67 In total, 9 articles were identified related to all-ceramic single crowns, 3 of which were on anterior and 6 on posterior crowns, and 5 articles on 3-unit FDPs all of which were on posterior FDPs. In the selected 14 articles, a total of 43 experimental subgroups were identified where fracture strength results were reported in N. After data analysis, 50 articles were excluded, mainly due to lack of initial fracture load, [1] [2] [3] 8, 10, 12, 13, 15, 26, 29, 30, 32, 35, 37, [41] [42] [43] [45] [46] [47] [49] [50] [51] [52] [53] final fracture load, 2, 6, 9, 10, 14, 15, 19, 20, 25, 27, 29, 30, 39, 40, 47, 48, 54, [60] [61] [62] [63] 71 initial and final fracture load (only fatigue survival), 2, 10, 15, 29, 30, 47, 54, 58 different units (i.e., N and kg) in one study, 1,2,9,12 step-stress loading without initial loading data, 14, 27, 61, 63, 64 nonanatomic crowns, 22 and the use of monolithic restorations only (Appendix). Fatigue cycles varied between a minimum of 1000 to a maximum of 1,200,000 cycles for crowns and 10,000 to 2,000,000 cycles for 3-unit FDPs (Tables 1 and 2 ). The applied force during cyclic loading varied between 20 to 300 N for single crowns and 49 to 200 N for 3-unit FDPs, showing great deviation between or within studies.
Five studies were selected for the 3-unit FDPs. Such studies are usually costly, and the number of these studies was less than those of studies on crowns (n = 9). The number of experimental groups for the FDPs was 10, and the materials ranged from zirconia (n = 5) to sintered alumina (n = 2) or lithium disilicate ceramic (n = 3). The temperature of the fatigue chambers ranged between 5 and 65°C.
For the 3-unit FDPs, fracture strength results showed slightly decreased values after cyclic loading (659 ± 182 to 2333 ± 183 N) compared to static loading only (841 ± 244 to 2434 ± 154 N). For crowns, a similar trend could not be observed, but cyclic loading decreased the fracture strength in only some materials after cyclic loading (659 ± 182 to 2333 ± 183 N) compared to static loading only (395 ± 96 to 2726 N).
Discussion
Cyclic fatigue loading tests intend to investigate the mechanical durability of dental reconstruction materials prior to clinical trials in order to avoid costly interventions upon failures. One of the main causes of structural failure in restorative dentistry is fatigue. Although static fracture tests may help to screen the durability of FDPs, cyclic loading could be considered a more clinically relevant testing approach. It has been reported that dental restorations fail more frequently under cyclic loading tests that are well below the ultimate flexural strength of these materials as opposed to the application of a single, relatively higher static load. 7 This systematic review therefore investigated the aging effect of cyclic fatigue tests on mechanical durability of all-ceramic single crowns and FDPs.
One major problem during the search process was the lack of MeSH terms related to cyclic loading or other fatigue-related terms. In the dental literature a great number of different terms are used to describe some mechanical aging procedures for reconstructive materials. This issue needs to be solved primarily so that future studies could report on identical search terms. Furthermore, to investigate the aging effect of cyclic loading on the durability on FDP materials, the materials should be tested with and without exposure to cyclic loading. Unfortunately, the main reason for exclusion was because the effect of aging could not be identified, because no control groups were available presenting the initial fracture load values without fatigue conditions. Focusing only on the final fracture strength after cyclic fatigue loading would not allow for identifying the aging effect of cyclic loading. [1] [2] [3] 8, 10, 12, 13, 15, 26, 29, 30, 32, 35, 37, [41] [42] [43] [45] [46] [47] [49] [50] [51] [52] [53] The parameters employed, such as the number of fatigue cycles, loading jigs, frequency of loading, presence of humid environment, and involvement of hydrothermal aging conditions, showed a great variation in the current dental literature. Furthermore, loading was performed with stainless steel indenters having diameters ranging from 6 to 10 mm, and in some articles, the diameter of the loading jig or indenter was not disclosed. 2, 6, 9, 10, 13, 15, 25, 29, 35, 53, 54, 59 In fact, cone crack or Herzian crack formation is highly dependent on the diameter and sharpness of the indenter. 38 Thus, the type and size of the indenter could offset the real aging effect after cyclic loading. In addition, load magnitude ranged between 0 and 300 N during cyclic loading. The impact of high loading forces could influence the results and decrease the fatigue resistance. At least in all fatigue studies, the temperature of the fatigue chambers ranged between 5 and 65°C, which was probably the only parameter kept similar between the studies. Thus, temperature and medium-related corrosion processes could be considered similar between the selected articles.
Nevertheless, the ultimate goal in measuring load-bearing capacity of materials is to know clinically whether they could endure chewing forces. Different testing methods and the difficulty in measuring masticatory forces result in a wide range of force values. Stress applied during mastication may range between 441 and 981 N, 245 and 491 N, 147 and 368 N, and 98 and 270 N in the molar, premolar, canine, and incisor regions, respectively. 7 A restoration should be able to withstand stress to approximately 500 N in the premolar region and 500 to 900 N in the molar region. The results of this study indicated values higher than 659 N 11 for 3-unit FDPs after aging. Similarly for crowns, the lowest value was 437 N for feldspathic ceramic 57 and >600 N 33,56 for high-strength ceramics after 1,200,000 cycles. Certainly, glassy matrix ceramics and in this case feldspathic ceramic that presented 437 N are not indicated for posterior crowns, but for comparison, the authors involved this material in the experimental design. Based on results high above the estimated chewing forces, current allceramic systems could be designated as favorable materials for posterior indications.
The number of cycles varied significantly between studies, namely, ranging between minimum 1000 66 cycles and maximum 2,000,000 cycles. 11 In fact, static loading after limited number of cyclic loading alone could not single out the real effect of aging procedures.
The studies on in vitro FDP systems in the dental literature practiced cycling times ranging from minimum 100
x to maximum 28 × 10 6 . 48 It has been previously reported that 2 × 10 6 cycles correspond to approximately 4 years of normal occlusal and masticatory activity. 7 The load applied also showed variations between 0 and 300 N in the included articles. [48] [49] [50] [51] [52] [53] [54] On the other hand, from the technical point of view, the magnitude of the applied load with regard to the highest-level force in a fatigue test should not exceed 50% of the ultimate strength of the material on trial. 49, 53 Unfortunately, ultimate stress information was often not available in the selected articles that performed static loading after fatigue. Therefore, future studies should incorporate the fatigue component in the study set-up in order to deduce more clinically relevant information considering the ultimate strength of the material to be tested after fatigue.
In a limited number of articles, the step-stress fatigue approach was practiced where cyclic load was applied in such a manner that three profiles of loading from mild to aggressive were applied on the single crowns from 100 to 750 N with the mission of completion of 100,000 to 170,000 cycles. 14, 27, 61, 63, 64 The load indenter moved, sliding from lingual down to buccal, differently from other studies where loading was performed vertically, approaching the occlusal surface. In fact, such an aging method would deliver important information if the results were complete with both initial and final fracture values. At this moment, standards are lacking regarding dynamic fatigue tests for single crowns and FDP materials. In this regard, ISO 14801 28 assigned for dynamic fatigue test for endosseous dental implants could be implemented in testing fatigue properties of FDPs, providing that implant-borne single crowns are loaded in this norm under an angle of 30 ± 2°at >2 Hz for 5 × 10 6 cycles. The clinical relevancy of such testing standards has also not yet been verified. 27 Nevertheless, such a standard method in tooth-borne FDPs would at least help for ranking mechanical durability of FDP materials.
In this systematic review only bilayered ceramic systems were investigated. In some articles, increased strength values were reported after fatigue. 11, 58 One important aspect here is that the results after the fracture of the veneering ceramic were not differentiated from the overall fracture strength. Thus, it was not possible to identify whether the loading process continued until the framework material fractured. If this is the case, we assume that the reported value does not belong to the principle force to fracture the veneering ceramic in the bilayered assembly. In fact, failure type analysis could have identified whether the magnitude of force belongs to the veneering material or the core. In a previous study, the changes in energy levels revealed small failures occurring between 300 and 500 N and continuing until final failure occurred. 44 Future studies should identify and report failures in a more systematic way, perhaps also using acoustic emission signals from the material. 44 Several other parameters could have played a further role in fatigue resistance of FDPs, including periodontal ligament, abutment material, and the cement. These parameters were not considered in this review, as the principle parameters already showed much heterogeneity. Whether such parameters affect the fatigue resistance of the all-ceramics for crown and FDPs needs further focus in future studies.
Clinically sufficient fracture strength values are not known for durable FDPs. The great variation in testing parameters and testing environments will continue to create confusion in the dental literature. Because new studies are expected to appear in this field in the future, the following items should be disclosed in in vitro studies:
1. The dimensions of the single crown or FDP, abutment type, abutment material, cement type and its chemical composition, loading conditions (jig dimensions, type, crosshead speed, indenter type, diameter), and cyclic loading conditions (medium, temperature, loading magnitude, speed, number of cycles) should be defined precisely. 2. The fracture strength data should be presented with confidence intervals, mean, minimum, and maximum values with and without cyclic loading together with initial and maximum fracture strength values. 3. At least six specimens should be tested in one experimental group. 4. Failure types after fracture test should be listed in detail, and preferably fractography should be performed.
Conclusions
From this study, the following could be concluded:
1. Current studies regarding the fatigue strength of single crowns and FDPs made of all-ceramic materials should be evaluated cautiously considering testing conditions. A more systematic approach, especially regarding the testing and reporting fatigue and loading conditions is needed when studying fatigue strength of such reconstructions. 2. Cyclic fatigue tests showed tendencies for decreased results for all-ceramic single crowns and 3-unit FDPs, but the effect generally varied depending on the material type and the number of cycles and loading conditions. Yet, the results were often higher than generally accepted chewing forces for the posterior region.
